Introduction
Many efforts have been made toward achieving largescale and high-quality graphene growth. Chemical vapor deposition (CVD) on metal surface is suitable for making large area graphene, nevertheless the quality of graphene seems to depend on the underlying metal surface [1, 2] . Some metals have crystal surfaces which are nearly lattice matched both to graphene and c-plane sapphire ( Fig. 1 ) [3] . Therefore, epitaxially grown metal film on sapphire substrate would give an ideally oriented surface for graphene growth. In this approach, the effect of thickness and structure of metal film on graphene growth is of great interest from the viewpoint of elucidating the growth mechanism and achieving high-quality graphene. Ago et al. have already reported on graphene growth on epitaxial Ni and Co [4] , but its dependence on metal thickness or structure has not been reported. In this study, we investigated the uniformity of graphene growth by employing three metals with different crystal structures, Ni (fcc), Ru (hcp) and Co (fcc at high temperature and hcp at R.T.), and varying the Ni film thickness. 
Experimental
A 30 nm thin Ru film was sputtered on a c-plane sapphire substrate. Ni and Co were deposited on sapphire by electron-beam evaporation. The Ni film thickness was varied from 40 to 300 nm. Substrates were placed in a furnace and annealed in hydrogen for solid phase epitaxial recrystallization. Then a mixture gas of 1 to 5% methane and hydrogen was introduced into the furnace and graphene layer was grown on the metal surface. Recrystallization and CVD were performed at temperatures from 900 to 1100 o C. The crystal structures of metal films were examined with X-ray diffraction (XRD) analysis. Samples after CVD were investigated with Raman spectroscopy, optical microscopy, atomic force microscopy (AFM) and high resolution transmission electron microscopy (HRTEM).
Results and Discussion
XRD analysis revealed that epitaxial metal films were grown on c-plane sapphire surface in all cases of Ni, Ru, and Co. Figure 2 shows the XRD patterns for Ru (hcp) film after hydrogen anneal. The intense single (0002) pole and six-fold sharp (10-13) poles in the pole figures evidenced the single domain nature of the Ru film. Co (hcp) film had rather broad peaks supposedly due to its fcc-hcp phase transition. In the case of Ni (fcc) film, six (200) poles indicated the twin structure due to the two types of fcc stacking sequences, ABCABC… and ACBACB….
CVD of methane-hydrogen mixture was performed using the epitaxial metal films. Raman spectra with clear G and 2D peaks were obtained for all of Ni, Ru and Co films (Fig. 3) . Cross-sectional HRTEM and AFM revealed fewor multi-layer graphene grown on epitaxial metal surfaces, and lattice-matched interface between metal film and sapphire substrate (Fig. 4) . Notably the Co film, which experienced phase transition, retained its surface flatness even after CVD process.
There are two major possible mechanisms for graphene growth on metals. One is surface catalytic synthesis at high temperature and the other is segregation in cooling. While the former generally does not depend on metal film thickness, the latter strongly depends on it. The amount of segregating carbon is limited by the total amount of diffused carbon in metal, which can be controlled by film thickness. Figure 5 shows the optical microscope images and surface morphology by Nomarski optics for varied Ni film thickness. The maximum graphene layer number that can be generated by segregation is also indicated in Fig. 5 . The 40 nm Ni film had flat surface in local, but many defects with tens of micrometer size were observed. This thin Ni film seems unable to withstand the thermal stress and carbon embrittlement in CVD process. The 70 and 150 nm Ni had rather smooth surface and grain boundaries between two stacking domains were observed. The thicker 300 nm film had a rough surface with many dark grains. We mapped the Raman spectra on the 150 nm Ni and found that the G peak is greatly intensified at the grain boundaries (Fig. 6(b) ). Intense G peak was also observed at the dark grains on the 300 nm Ni. These results suggest that the segregation, which depends on the metal film thickness, contributes to the graphene growth on Ni, and the segregation occurs preferentially at grain boundaries, resulting in non-uniformity in growth. 
Å
In the case of Ru, a thin 30 nm film showed no damage after CVD (Fig. 5(g) ). Clear G and 2D peaks were observed even though the maxim graphene layer number by segregation was less than one. No grain boundary was found in this single domain film and Raman mapping showed much uniform distribution compared to that of Ni (Fig. 6) . The surface catalytic synthesis also contributes to the graphene growth and non-uniform segregation can be effectively prevented by controlling the metal film thickness and removing grain boundaries.
Conclusions
We have investigated the graphene growth and its dependence on the thickness and structure of epitaxial metal films. Locally enhanced segregation at grain boundary has been found to be one of the major sources of non-uniformity. Uniform graphene growth is achieved with a single domain thin Ru film, in which segregation is restrained and grain boundaries are eliminated. Suppression of local segregation is essential in high-quality graphene growth. 
